INTRODUCTION
Gene expression profiling has been applied to many aspects of human biology including stress responses of human cells, [1] [2] [3] identification of signaling cascades, [4] [5] [6] [7] or regulated expression of cell cycle-associated genes. 8, 9 For clinical investigation and medicine, gene expression signatures are used to better define biological processes that might be associated with disease, therapy or severe adverse events following therapy. Particularly in clinical cancer research, transcriptome analyses has been most helpful to further dissect underlying mechanisms of tumor biology 6, [9] [10] [11] and metastasis, 12, 13 to identify new diagnostic markers, 14 to define tumor subtypes molecularly, [15] [16] [17] and to identify patient groups that might benefit most from novel therapies. [18] [19] [20] [21] While most of these studies used primary cancer tissue, more recently gene expression signatures of peripheral blood mononuclear cells (PBMC) were used to identify variation of expression patterns in healthy subjects, 22 to further characterize underlying mechanisms of diseases, for example, systemic lupus erythematosus (SLE), 23, 24 to assess differences between cancer patients and healthy individuals, 25 or to investigate the influence of bacteria on gene expression patterns. 26 Although there were significant interindividual variations of gene expression patterns in PBMC, 22 these differences were strikingly smaller than differences between blood samples from healthy donors and patients with a bacterial infection 26 or autoimmune disease. 23, 24 These observations strongly suggest that gene expression analysis of peripheral blood might become a valuable tool for diagnosing blood-related diseases as well as for monitoring effects of drugs and therapies. 27 In diseases associated with immune reactions or dysregulations such as infections, autoimmunity, cancer, as well as in genetic and metabolic disorders, changes in the cellular component of peripheral blood are seen. It is therefore not surprising that such changes are also reflected in differences of gene expression patterns during disease processes. Like changes in biochemical parameters in peripheral blood during diseases at peripheral sites, gene expression profiles of circulating leukocytes from such diseased sites might be used as surrogate markers for diseases that are not primarily associated with peripheral blood. A standardized use of gene expression profiling of peripheral blood might therefore prove extremely helpful for diagnostics and drug monitoring. 28 Although there is a common understanding that highquality sample preparation and immediate RNA isolation are prerequisites for transcriptional analysis, the impact of cell and RNA isolation procedures as well as physical influences on clinical specimens have not been addressed in a comprehensive way, particularly for peripheral blood. While these factors might be easier to control in laboratory and explorative clinical studies, they are more critical for largescale clinical investigation and practice. 28 For example, multicenter clinical trials will rely on relatively easy sample preparation procedures and methodology that does not significantly change the information within the sample during prolonged sample storage. For such efforts, whole blood RNA isolation methods with RNA stabilization techniques have been designed. 29 To address these clinically relevant issues, we carried out gene expression profiling of peripheral blood samples from healthy blood donors using oligonucleotide microarrays. Blood sampling techniques, cell and RNA isolation as well as temperature and time to analysis were assessed.
RESULTS

Isolation Techniques Determine Gene Expression in Peripheral Blood
To determine the effect of cell and RNA isolation on gene expression signatures, peripheral blood from 29 healthy individuals was analyzed (Table 1) . We compared PBMCs derived by two blood sampling techniques (veinpuncture vs buffy-coat preparation (BUFFY), four different methods to isolate cells and RNA (PAX gene (PAX), QIAamp, FICOLL and BD-CPT (BD)), and the influence of temperature (samples prepared by Ficoll at 81C, FI-8C) during sample preparation as well as time to analysis (samples with delayed preparation by Ficoll, FI-DELAYED) ( Table 1) . A detailed description of methods applied is provided as supplementary information (Supplements 1 and 2). cRNA derived from these samples was hybridized to HG-U133A Affymetrix oligonucleotide microarrays containing 22 283 probe sets representing approximately 14 000 genes, and the data were either analyzed using MAS5.0 or dCHIP software. There was (1C)  21  21  21  21  8  21  21  Isolation technique  PAXGene  QIAamp  BD-CPT  FICOLL  FICOLL  FICOLL  FICOLL  Delay  -----20-24 h  -Abbreviation groups  PAX  QIAamp  BD  FICOLL  FI-8C  FI-DELAY  BUFFY  Abbreviation samples  _21_PA  _21_QI  _21_BD  _21_FI  _08_FI  _21_FI_ON  _21_FI_BU   Donors  1-5  x  x  6-10  x  x  11-15  x  x  x  16-20  x  x  21-25  x  30-33  x  x   Total: 58  5  10  10  19  5  5  4 no relevant difference in the amount of total RNA/cells obtained under any of the conditions tested and quality and integrity of RNA-as assessed by agarose gel electrophoresis-was always of high quality (data not shown). Similarly, there were no significant differences of cRNA quality except for PAX samples. cRNA derived from PAX samples showed a distinct band in the 700 bp range instead of a typical cRNA smear (2000-500 bp range) obtained with the other methods. This distinct cRNA band depends on specific amplification of globin transcripts derived from reticulocytes. 30 However, as shown in Figure 1 , there were significant differences in the number of genes expressed. Significantly lower numbers of transcripts were found in PAX samples followed by samples after delayed RNA isolation (FI-DELAYED) or PBMC samples derived from BUFFY ( Figure 1 ). For PBMC samples, we also performed flow cytometric analysis of the major cell types since interindividual and method-dependent differences are well described for all cellular components in blood. Lineage-specific markers for T cells (CD3), B cells (CD19, CD20), NK cells (CD56) and monocytes (CD14) were assessed. Method-dependent changes in the composition of these cell populations were assessed by comparison of the different approaches ( Figure  2) . A significant decrease of T cells (Figure 2a) To assess differences in gene expression due to different isolation techniques for peripheral blood cells, we first chose a statistical approach. The average fold change calculated in dCHIP was plotted against the P-value of the paired t-test to visualize the differential expression. As seen in Figure 3 , the differences of gene signatures varied dramatically between the different techniques when compared to FICOLL. Only small changes in the expression profile were introduced by using the BD system (nine probe sets 0.54FC or FC42, Po0.01), but expression profile changed dramatically by the use of the QIAamp (504 probe sets 0.54FC or FC42, Po0.01) or the PAX system (2748 probe sets 0.54FC or FC42, Po0.01). Furthermore, the use of BUFFY instead of veinpuncture blood introduced a bias in the expression profile (19 probe sets 0.54FC or FC42, Po0.01).
More cellular components are analyzed using the PAX (erythrocytes, reticulocytes and granulocytes) or QIAamp (granulocytes) system compared to techniques only isolating PBMC, but also in the direct comparison of the PAX and QIAamp system a difference in the expression profile was demonstrated (893 probe sets 0.54FC or FC42, Po0.01). As seen in Figure 1 , the use of the PAX system significantly reduced the number of expressed genes using the algorithm of MAS5 as well as dCHIP.
Physical alterations during the isolation process were also analyzed. Performing the PBMC isolation procedure at low temperature (81C) had only a very small effect on the expression profile (four probe sets 0.54FC or FC42, Po0.01), whereas time delay overnight dramatically changed the expression profile (586 probe sets, 0.54FC or FC42, Po0.01). Pure changes of the expression combined with ttests are seen critically by statisticians, because of problems entailed by multiple testing. Adjustment of the testing procedure for all genes with a fold change below 0.5 or above two, respectively, revealed significant change in the expression profile even when applying very stringent criteria (Po0.01 after correction) (Figure 3b ). To analyze whether a high degree of variability is introduced by one of the preparation techniques, the variance for all genes was calculated within one group and the variances were ranked and plotted against the rank. As demonstrated in Figure 3c , preparation using the PAX system increased the variance.
Distinct Clusters Based on Sample Preparation and Delay in Processing
In addition to the above-described statistical methods, we used hierarchical cluster analysis (dCHIP) to assess the extent to which the gene expression pattern was influenced by sample preparation. Figure  4b ) and four of five BD/FICOLL sample pairs clustered together (Figure 4c ). Thus, interindividual differences are more relevant than differences that might be introduced by blood sampling (BUFFY vs FICOLL) or cell isolation procedures (BD vs FICOLL).
In a second analysis, we compared the delayed samples (FI-DELAYED) with all FICOLL samples (Figure 4d ). Most striking, FI-DELAYED samples clustered completely separate from all other samples, despite matching samples in the FICOLL group (#6-10). In contrast, when comparing samples prepared at 81C (FI-8C) vs FICOLL (Figure 4e ), only three of five FI-8C sample pairs (#03, 04, 05) clustered as pairs. For the other two pairs (#01, 02) changes in gene expression pattern due to temperature changes were more prominent than interindividual differences to unrelated FICOLL samples (Figure 4e ), suggesting at least some impact of processing temperature. Hierarchical cluster analysis of the FICOLL/FI-8C pairs only revealed similar results (data not shown).
Biological Changes Induced by Processing Temperature
To further address the influence of processing temperature, we focused on differentially expressed genes with a signal log ratio (SLR)X71 in all five comparison analyses between FICOLL and FI-8C samples using MAS5.0 and DMT. From the 22 283 probe sets represented on the HG-U133A arrays, only 17 probe sets representing 14 different genes were detected (Supplement 4). All of these genes were increased in the FICOLL samples in comparison to the FI-8C samples. Among the 14 transcripts, we found immediate-early genes related to transcription factors, translation-initiation factors, nuclear receptors, enzymes and cytokines (Supplement 4). Gene ontology analysis revealed that nine of the 17 transcripts were associated with response to stress. One of these genes was interleukin-8 (IL8). IL8 is a chemotactic and potent proinflammatory molecule that belongs to the CXC chemokine superfamily and is produced by a variety of cells. 31 For confirmation of the array expression data, the IL8 gene was subjected to semiquantitative RT-PCR (Figure 5a ). According to the array expression data, IL8 mRNA was not or barely detectable in the FI-8C samples, but clearly expressed in the FICOLL samples. Although statistical analysis of the array expression data (paired t-test) using correction for multiple testing revealed no statistical significance (Figure 3b ), the RT-PCR data provide evidence for a real biological effect of temperature on IL8 gene expression. Similar results have been reported for whole blood stored at room temperature (RT), 32 and for human bronchial epithelial cells incubated at 371C and 11C. 33 Dual specificity phosphatase 1 (DUSP1), another gene induced in response to stress was also subjected to semiquantitative RT-PCR. 34, 35 Although expressed at relatively high levels in FI-8C samples, treatment of cells at RT (FICOLL) caused a further increase of DUSP1 mRNA expression ( Figure 5b ). These results were again consistent with the array expression data.
Identification of a Gene List Associated with Granulocytes
The comparison of samples prepared by FICOLL, BD and QIAamp allowed the establishment of a signature of granulocytes. We compared the expression profile of whole blood obtained by the QIAamp method with the expression profile generated by the BD and the FICOLL method. Samples generated by the PAX system were not used in this analysis, as we have shown a significant reduction in present calls by this method. Hierarchical clustering revealed a group of genes differentially expressed between the QIAamp and the BD, and FICOLL methods. A group of BD samples clustered next to the QIAamp samples. In our hands, both QIAamp and BD samples were characterized by a small contamination with erythrocytes (data not shown). Therefore, genes derived from reticulocytes were easily detected as genes expressed in QIAamp and BD samples, but not in FICOLL samples. This branch was therefore excluded. The branch containing only genes overexpressed in samples prepared by the QIAamp method was then selected ( Figure 6 and Supplement 5). The remaining 205 probe sets corresponding to 184 genes were then further compared with the recently described list of genes associated with granulocytes. 22 One-third of these genes were also identified for granulocytes in our analysis. However, we identified a total number of 192 additional granulocyte-associated probe sets corresponding to 173 genes.
Gene Expression Profiling of Whole Blood
Clinical applications require robust technologies that are cost effective and applicable to day-to-day clinical routine. We therefore included two currently available technologies (PAX and QIAamp) for the direct isolation of RNA from whole blood without complex cell isolation procedures prior to RNA isolation. RNA from reticulocytes, which is present in PAX samples, should be significantly reduced after QIAamp preparation, since red blood cells are depleted prior to RNA preparation in the QIAamp method. Thus, a greater expression of transcripts primarily derived from reticulocytes is to be expected in PAX samples compared to Figure 6 Gene signatures of granulocytes. Hierarchical clustering was performed using the dCHIP software and the branch containing probe sets specifically over-represented in the QIAamp method was selected (granulocytes). A small number of probe sets specific for erythrocyte-and reticulocyte-derived genes was also overrepresented in seven samples prepared by the BD method (erythrocytes). Samples prepared by the PAX method were not analyzed, as a significant reduction of present calls was shown. We further wanted to analyze only genes expressed at a detectable level (expression value 4100). QIAamp. However, we detected a significant decrease in overall percent present calls in the PAX samples (Figure 1) . To elucidate the difference in gene expression patterns between PAX and QIAamp, we assessed genes that were present in PAX but absent in QIAamp, genes absent in PAX but present in QIAamp using DMT.
Surprisingly, analysis revealed 394 probe sets absent in all five PAX samples but present in all QIAamp samples, although signal intensities were comparable in both groups (data not shown). Ontology analysis of the 'absent' genes in PAX samples revealed no clear expression pattern. Affected genes were associated with a variety of physiological processes including protein biosynthesis, regulation of translation, mRNA processing, regulation of transcription, nucleic acid metabolism, but also growth arrest, apoptosis or mitochondrial electron transport. By DMT analysis, only eight transcripts were identified as present in PAX, but not in QIAamp samples. These transcripts were related to four hypothetical proteins, one highly expressed reticulocytespecific protein (SLC6A8), one spermatogenesis-related protein (ODF1) and one nucleosome assembly protein (HIST3H2A). This relative strong imbalance between present and absent calls in the two groups indicates a decrease in detection sensitivity in PAX samples.
To describe additional differences in gene expression between PAX and QIAamp samples, we focused on genes that were at least four-fold different (dChip FC44, Po0.001; Supplement 6) and used GenMAPP s and MAPPfinder s . Genes encoding cytosolic proteins (adenylate kinase 1, antioxidant protein 2, axin 1), regulator of transcription (CSDA) or apoptosis (BAG-1) were higher expressed in PAX samples. In contrast, genes coding for ribosomal proteins (RPL44, RLS 27, RPL34, RPS24) and proteins of the respiratory chain (COXH, COXM, COX7B, COX6C) were higher expressed in QIAamp samples. Furthermore, expression of genes associated with RNA splicing (SMD1, SNRNP-G) and protein translation (EF1-beta) or with inflammatory response (ESOP-1, RP1) was also increased in QIAamp samples. These data underline that there is a measurable dilution of RNA from cells other than reticulocytes in PAX samples. If only reticulocyte transcripts were affected, all other genes would be expected to show equivalent expression. However, even such transcripts, for example, those encoding mitochondrial proteins, 36 show significantly lower expression in PAX samples. To further support this hypothesis, we assessed differences in the expression of lineage-specific genes for lymphocytes and monocytes in PAX and QIAamp samples. Again, these genes were also found to be reduced in PAX samples when compared to QIAamp or FICOLL samples (data not shown.)
Taken together, in PAX samples, we observed a reduced number of present calls, a higher variability of gene expression, and a lower sensitivity for changes in gene expression patterns in cellular components such as lymphocytes and monocytes. On the other hand, the PAX technology is currently the only method to assess gene expression of reticulocytes.
Distinct Gene Expression Patterns in Peripheral Blood after Delayed Analysis
To analyze the impact of time delay on the gene expression of PBMCs, we primarily chose genes at least four-fold changed (paired P-value o0.001, dCHIP), following delayed sample preparation. In all, 14 probe sets corresponding to 12 genes were upregulated in delayed samples, while 25 genes (26 probe sets) were downregulated. Among the most highly upregulated genes in delayed samples were three genes associated with hypoxia (RTP801, ADM, VEGF; Figure 7a , Supplement 7), two glucose transporter (SLC2A3, SLC2A14), two early response genes (NR4A2, DTR) and the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), which is responsible for the stimulation of glycolysis during hypoxia in monocytes 37 and was shown to be induced by hypoxia-induced factor 1 (HIF1). 38 Among the 26 probe sets downregulated in delayed samples, 10 coded for still uncharacterized genes. Six genes were associated with T-cell function (CX3CR1, CCR2, TIA1) or IFN signaling (MNDA, IRF2, GBP1). Heat-shock protein 70 (HSP70 1A), for which downregulation has been previously associated with hypothermia, 39 CTBP2, a transcriptional corepressor, 40 DUSP6, a regulator of MAPK signaling, 41 TRAIL, a strong inducer of apoptosis, 42 PIMT, a nuclear receptor coactivator 43 and NDR, a gene involved in p53-mediated cell cycle control 44 were also downregulated (Supplement 7).
These findings suggested that signaling events associated with hypoxia and stress responses might be induced in delayed samples, while important cellular mechanisms including cell cycle, proliferation, transcriptional regulation and apoptosis, but also specific cellular functions of bloodderived cells such as IFN responses were likely to be repressed in delayed samples. To assess these changes we used GenMAPP s and MAPPFinder s . A total of 2366 probe sets corresponding to 1948 genes (1387 genes with known function) with at least 1.5-fold change between immediate and delayed sample preparation were identified. Among the 1387 known genes, 94 were at least two-fold increased, while 371 genes were two-fold decreased in delayed samples (FI-DELAYED). As demonstrated in Figure 7a , genes upregulated after delayed sampling were found to be additional hypoxia-associated genes (eg HIF1, CDKNA1 (CIP1/p21), transferrin receptor, transcriptional repressors (eg MAD, TCF8, MXl1, TIEG, RGS1, NFIL3), inhibitor or repressor of cell proliferation (BTG3, CDKNA1) or early response genes and genes implicated in inflammatory responses (eg CD83, CD69, DTR, NR4A2). Translin (TSN) involved in the recognition of consensus sequences at the breakpoint junctions in chromosomal translocations, mostly involving immunoglobulin and T-cell receptor gene segments, 45 was two-fold increased.
Downregulated genes were associated with metabolism, regulation of transcription, cellular transport, cell cycle, cell growth, motility, apoptosis or immune response genes (Figure 7b and c) . Several genes in each of the metabolic pathways including glycogen metabolism, glycolysis and gluconeogenesis, fatty acid and cholesterol biosynthesis or the Krebs cycle were downregulated with the only upregulated gene PFKFB3 , which has been shown to be upregulated by hypoxia. 37, 38 Delayed samples also showed decreased expression of several genes associated with cellular transport mechanisms (eg ACADM, G3BP, ATP6C, M6PR, COPB2, SLC16A3). Downregulation of a large number of genes associated with immune function strongly support an overall reduction of functionality of all cellular compartments (monocytes, NK cells, T and B cells) of PBMC after delayed blood sampling. Several chemokine (CX3CR1, CCR1, CCR2, CCR5, CCR7, IL8R) and cytokine receptors (IL2Rg, IL6R, IL7R, IL10R) as well as cell surface receptors (CD2, CD3, CD24, CD53, TLR7, CD72, CD102) were reduced in delayed samples. For each of the four major components of PBMC, we also found lineage-specific genes that were downregulated (eg T-cell receptor genes, CD49B
and BLNK in B cells or KLRC2, KLRD1 and KLRF1 in NK cells). Moreover, several genes associated with the proteosomal degradation machinery were downregulated.
A more complex pattern was found for genes involved in cell survival and apoptosis (Figure 7b ). Only one gene related to the inhibition of TNFR signaling (TNFAIP3), and the nuclear factor c-JUN (downstream of MAPK signaling) was found to be upregulated. More interestingly, proapoptotic as well as important antiapoptotic factors were downregulated in the delayed samples. Among proapoptotic factors were the CTL-associated molecules perforin, granzyme A and TIA-1, as well as TRAIL and TNF-a. Of the TNF receptor family members, TNFR1, TNFRSF6 (FAS), TNFRSF7 (CD27) and TNFRSF17 (BAFF) were decreased, as well as two TNFR adaptor molecules (TRADD, FADD). The caspases 1, 6 and 10, and the caspase-3 activator APAF-1, as well as genes Figure 7 Changes in the expression of genes related to apoptosis, cell cycle or hypoxia after delayed sampling Using GeneMAPP s , we assessed the impact of delayed sample handling in genes relevant to (a) hypoxia, (b) apoptosis and (c) cell cycle. Using dCHIP, we first compared FI_ON and FICOLL samples for differences in gene expression. All probe sets were included for further analysis. Data files were annotated with SwissProt accession numbers and subsequently imported into GeneMAPP s . Shown here are fold changes between FICOLL (baseline) and FI_ON (experiment). With permission from GeneMAPP s , the maps for apoptosis and cell cycle were used and adapted to include additional genes and annotations. The hypoxia map was build using recent information from the literature. [55] [56] [57] (d) Determination of apoptotic cells after delayed sample preparation. PBMCs were either isolated immediately or after 20-24 h storage, respectively. Apoptotic and dead cells in the lymphocyte and monocyte population were determined by FACS analysis after Annexin V/propidium iodide staining. Shown are means7SD of four independent experiments. involved in the MAPK signaling pathway (MAP3K, JNKK, DUSP6, MBP) were also reduced. On the other hand, important antiapoptotic genes such as BCL2, cytochrome C, NAIP, IAP1, c-FLIP and TOSO were similarly reduced. Nevertheless, the reduction of antiapoptotic factors did not result in an increase of apoptotic cells in delayed samples as demonstrated for lymphocytes and monocytes using Annexin V staining (Figure 7d ). Among nuclear molecules, downregulation of p53 and c-myc was most prominent, suggesting not only changes in apoptotic pathways but also other cellular functions such as cell cycle.
Indeed, multiple genes associated with the cell cycle were decreased including CycD2, CycD3, CDK4, PCNA, SKP2, CDC25B, ATM, p53 and RB1 (Figure 7c ). In addition, several transcriptional regulators of mitosis were also reduced (data not shown). Only CDKNA1 and GADD45, which have been implicated in blocking cell cycle progression, and Dbf4 were upregulated.
Taken together, these results show that the delayed sampling clearly introduces significant changes of gene expression pattern compatible with a hypoxia-associated stress response and a concurrent reduction of multiple cellular functions most compatible with cell survival.
DISCUSSION
Gene expression profiling is projected to become an important tool for diagnostics, pharmacogenomics, as well as prognostic and pharmacoprediction. As for many other medical tests, peripheral blood will unquestionably become the most important clinical specimen to be used for these purposes. For gene expression profiling of peripheral blood to become a routine tool, it is critical to better understand the factors influencing gene expression signatures of peripheral blood. In this study, we have addressed the influence of isolation techniques for cells and RNA, as well as physical factors such as temperature and time to analysis. The number of present genes as well as the gene expression signatures differed significantly dependent on the isolation techniques used. The clinically probably most suitable methodology (PAX) showed the highest variation of gene expression and an overall decrease in the number of genes truly present. Differences between whole blood preparations and PBMC samples might be expected due to different cellular components of the samples; however, changes were not restricted to cell lineage-associated genes. This was most obvious when comparing PAX and QIAamp samples. Within PBMC preparations, no striking differences were observed 
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Gene expression profiling of peripheral blood S Debey et al due to different blood sampling techniques (veinpuncture vs BUFFY), or due to temperature changes during sample handling (RT vs 81C), albeit changes observed are biological relevant as shown for IL8 and DUSP1. In contrast, time delay to analysis (FI-DELAYED) revealed striking impact on gene expression patterns. For time to analysis, the gene expression signature in delayed samples was associated with a concerted stress response to hypoxia and probably temperature reduction (HSP70) leading to the upregulation of particular early response and stress genes, while most other functions (immune response genes, proliferation, metabolism, cell cycle) were downregulated. In context with a reduction of the apoptotic machinery (including both proand antiapoptotic mechanisms) and no signs of apoptosis as assessed by Annexin V staining, this gene expression pattern is most compatible with a cell survival program.
To be used under clinical conditions, the whole procedure from blood withdrawal to the actual array analysis needs to be highly standardized. 28, 46, 47 While techniques downstream of RNA isolation are very reliable, 28, 46, 48 and even data analysis with the emergence of even more sophisticated software becomes less of a challenge, [49] [50] [51] there is still debate over the most suitable isolation technique for cells and RNA to be used prior gene expression analysis for large-scale clinical investigation. 46, 47 Clinical studies require robust and if possible simple methodology. Our study clearly demonstrates that it will be a prerequisite to reduce any physical stress including temperature changes, prolonged cell isolation techniques but particularly delayed sample handling to a minimum. Unfortunately, none of the tested methods uniformly outperforms the others. While some methods might have advantages in handling under clinical conditions, others are less variable and probably more informative in their gene expression profiles. The method to be used best for a certain scientific questions will depend on the cellular component in blood that is most likely to react with changes in gene expression due to disease or therapy. For example, if lymphocytes are most likely a target for a certain drug intervention, then methods such as BD or FICOLL might be more beneficial to answer such question reliably. If more then one cellular component is likely to be influenced, it will be necessary to use methods including most cellular components such as PAX or QIAamp.
Our comparison of PAX and QIAamp revealed a striking reduction of present calls in PAX samples. It is assumed that the reduction of present calls is related to a bias of reticulocyte-derived globin transcripts, since red blood cells represent the major type of cells analyzed with the PAX system. In reticulocytes, globin mRNAs may accumulate to over 95% of total cellular mRNA with half-lives of over 24 h. 52, 53 Together with a reduction of nonglobin mRNAs, 36 a globin-dependent transcript amplification is likely. This hypothesis is supported by the observation that the cRNA of PAX samples showed a distinct band with a size between 650 and 700 bp, which is in accordance with the size of globin transcripts (677 nucleotides, data not shown). The high level of globin transcripts might furthermore contribute to nonspecific binding to other sequences, resulting in reduced sensitivity for relatively low expressed genes from granulocytes and particularly lymphocytes and monocytes. Indeed, some cell surface molecules specific for T-lymphocytes (CD3, CD4) or NK cells (CD244) were called absent in PAX samples, while clearly present in all other samples. Moreover, for several lymphocyte-specific genes present in both groups, signals were lower in the PAX samples (data not shown). The concentration of globin transcripts in PAX samples has recently been shown to have a negative impact on sensitivity and variability on gene expression data using microarray technology. 30 Depletion of globin mRNA resulted in increased present calls, overall sensitivity and decrease of variability. Taken together, the PAX system is a powerful tool for stabilization of the expression profile in whole blood as assessed by quantitative real-time PCR or Northern blots, 29, 32, 54 but can lead to unsatisfactory results using microarray technology. A modified protocol improves the quality of expression results with respect to sensitivity and variability, but some additional technical steps are required. 30 PBMC have already been used to assess interindividual variations of gene expression, 22 gene expression patterns of SLE 23, 24 and the influence of bacterial infection. 26 While such explorative studies at single centers with small sample sizes can be highly standardized in blood sampling and cell separation procedures, this is more difficult to achieve in larger multicenter studies. Particularly, if samples would be analyzed at a central facility, blood samples would have to be transported over an extended period of time. To assess the influence of such circumstances on gene expression profiling, we assessed different cell isolation techniques for PBMC (BD and FICOLL) as well as the influence of delayed sample handling and changes in processing temperature. There were few but insignificant differences between BD and FICOLL samples. While changes of gene expression signatures due to temperature changes were confirmed by RT-PCR, for example, for IL8 and DUSP1, these changes were not statistically significant when applying correction for multiple testing. However, these changes might become more relevant for larger studies assessing smaller numbers of genes in customized low-density arrays since the extent of correction depends on the number of tests performed. In fact, measured as a single gene, the differences for DUSP1 would have been statistically significant between FICOLL and FI-8C samples.
However, the most striking and strongly significant differences among PBMC samples were found in delayed samples. These changes were not due to degradation of RNA in delayed samples, but rather due to a cellular response to factors such as hypoxia and hypothermia. Many genes downstream of HIF1 were induced in FI-DELAYED samples (Figure 7) . [55] [56] [57] In addition, key elements of central cellular systems such as the cell cycle or the apoptotic pathways were generally downregulated in FI-DELAYED samples. Only two genes inhibiting cell cycle progression were increased (CIP1, GADD45).
To estimate the impact of the changes observed after delayed sampling, we assessed the genes previously deter-mined to be upregulated at least two-fold in PBMC from renal cell carcinoma patients. 25 In this study, all samples were processed after overnight shipment ('delayed sampling'). Of the 123 genes described, we identified 12 genes (B10%) that were also changed at least two-fold when comparing FICOLL and FI-DELAYED samples. Our technically introduced changes in gene expression might not impact on the reported differences between RCC patients and healthy individuals; however, if the changes due to delayed sampling differ between the patient group and the control group (due to the underlying biology), significant in vivo differences might be pronounced or masked in delayed samples. Along these lines, we have cross annotated 279 genes that were present in FICOLL samples, but not in FI-DELAYED samples to the Affymetrix U95A chip, resulting in 220 genes. It is conceivable that there are additional genes within these 220 genes that might have been different between RCC patients and healthy individuals, but could not be detected in delayed samples.
While PBMC might be most suitable for analyzing immune-mediated or -associated diseases as well as assessing drug responses where particularly those cell compartments might be impacted, there is also need to assess changes of the granulocytic compartment without introducing additional cell isolation steps. Comparing gene expression patterns derived from QIAamp, BD and FICOLL samples allowed us to determine a granulocyte-associated gene signature. In contrast to Whitney and et al, 22 we did not use PAX samples for this comparison, as we have shown that the high amount of RNA provided by reticulocytes masks the expression of low expressed genes in all other cell types. The comparison of QIAamp-derived expression profiles and data from FICOLL and BD samples revealed 337 probe sets at least two-fold increased in QIAamp samples. Many transcripts known to be expressed in granulocytes (lysosomalassociated protein, Fc receptors, grancalcin) were found in this gene signature. However, genes expressed in reticulocytes (eg hemoglobin) were also over-represented in QIAamp samples. This is mainly due to incomplete erythrocyte lysis often occurring during the procedure. As shown in Figure 6 , reticulocyte-derived genes were also present in BD samples, which is also explained by the contamination of the cellular fraction after the isolation procedure of the PBMC (data not shown). Despite these technical limitations of cell isolation, these circumstances allowed us to exclude the group of genes over-represented in both groups (reticulocyte-associated genes) compared to the FICOLL samples. The remaining probe sets represented a total of 136 genes, of which many have been previously described to be expressed in granulocytes (Supplement 5).
As shown by Whitney and co-workers, a large interindividual variation of gene expression exists which is in part due to the different composition of cellular components, and a further interindividual variation presumable due to differences in genotype, epigenetic and environmental factors, age and gender. Even though we observed genes strongly correlating with the cellular components analyzed, the number of arrays used was too small to reach statistical significance for these genes (data not shown). Interestingly, this interindividual variation is masked by the use of different techniques for preparation of the probe as demonstrated in Figure 4 . Individuals are not clustered together upon delayed sample processing (Figure 4d ), or when different whole blood techniques for preparation are used (Figure 4a ). Individual features were mostly conserved using density-gradient-based isolation methods of PBMCs. This is of special importance for future studies, where interindividual variations in response to external stimuli like pharmacological stimuli will be measured. 22 Our data will help to further optimize gene expression profiling for larger trials of clinical specimens. Optimally, blood samples and RNA should be processed immediately after isolation to avoid interference of the in vivo gene expression signature with ex vivo stress responses. Although the PAX system stabilizes gene expression profiles, as used, it has a negative impact on expression results. Other methods yield better expression results, but may lack cells of interest. Therefore, a suitable method should be chosen after carefully evaluating which method best matches the researchers requirements, and which cell type is of particular interest.
MATERIALS AND METHODS
Patient Information and Sample Collection
Following approval by the institutional review board blood samples from apparently healthy blood donors were collected after written informed consent had been obtained. Blood samples were taken between 8am and 2pm (Supplement 1). Complete blood counts were determined by automated procedures. Measured parameters included total white count, differential counts for neutrophils, lymphocytes, 'mixed white cells', red blood cell count, platelet count, hemoglobin, hematocrit and erythrocyte indices (mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration). All values were normal for all donors tested. The blood donors averaged 3679 (mean7SD) years of age (range 22-53 years); however, there was an over-representation of male donors (four females and 25 males), as samples were taken as convenience samples in the local blood transfusion center. Table 1 represents a summary of the 58 microarray experiments performed and the abbreviations used for the seven experimental groups.
Isolation of PBMCs from Whole Blood
Ficoll-Hypaque density centrifugation Whole blood (50 ml) was collected by venipuncture in sodium citrate tubes (Sarstedt, Nürnbrecht, Germany) and further processed within 15 min. Samples were divided and PBMCs were prepared by standard Ficoll-Hypaque density centrifugation (see also Supplement 1). To determine the effect of the processing temperature on gene expression, Ficoll-Hypaque density centrifugation was performed immediately either at 18-211C (RT) or at 81C with precooled centrifuges and solutions. To evaluate the effect of blood storage on gene expression, PBMCs were prepared at different time points either immediately after blood withdrawal or after storage of blood samples for 20-24 h at RT. The isolated PBMCs were stored in TRIzol s reagent (Invitrogen Life Technologies, Karlsruhe, Germany) at À801C until further processing.
BD-CPT
PBMCs from 24 ml of whole blood were isolated by using Vacutainer cell preparation tubes with sodium citrate (Becton Dickinson, Heidelberg, Germany) according to the manufacturer's recommendations and stored in TRIzol s reagent at À801C until further processing (see also Supplement 1).
Isolation of PBMCs from BUFFY BUFFY (15 ml) from whole-blood units were used to prepare PBMC by standard Ficoll-Hypaque density centrifugation at RT. The isolated PBMCs were stored in TRIzol s reagent (Invitrogen Life Technologies) at À801C until further processing.
RNA-Isolation
Total RNA from PBMCs stored in TRIzol s was isolated according to the manufacturer's protocol. The RNA was purified with the RNeasy MiniElute Cleanup Kit (Qiagen, Hilden, Germany). Total RNA from whole blood was either isolated with the PAXgenet Blood RNA Isolation System or with the QIAamp s RNA Blood Mini Kit (Qiagen) following the manufacturer's recommended procedures, including an optional DNase digestion step (RNase-Free DNase Set, Qiagen). The isolated RNA was then concentrated with the RNeasy MiniElute Cleanup Kit (Qiagen) (see also Supplement 2).
Analysis of RNA Samples
Total RNA was quantified by UV spectroscopy at 260 nm. The qualities of the isolated RNA samples were determined by measuring the A 260/A280 ratio and the integrity of the ribosomal 28 and 18 s bands were determined by agarose-gel electrophoresis. All samples had A 260/280 ratios ranging from 1.9 to 2.1, indicating high quality of RNA without visible degradation of ribosomal RNA bands.
Flow Cytometry
Cell phenotype was defined by four color staining performed on PBMCs using the following antibodies: FITCconjugated CD3 (Pharmingen, Heidelberg, Germany), PerCP-conjugated CD19, CD20 (Becton Dickinson, Heidelberg, Germany), APC-conjugated CD14 (Pharmingen), Simultest CD3/CD16/CD56 (Becton-Dickinson), corresponding mouse IgG controls: Simultest g1g2a, APCconjugated anti-g2a (Becton-Dickinson), PerCP-conjugated g1 (Pharmingen). Determination of the extent of apoptosis after prolonged blood storage was performed with Annexin V (Pharmingen) and propidium iodide staining (Sigma, Deisenhofen, Germany). Cells were stained using standard protocols. Samples were run on a FACS Calibur (Becton Dickinson) and analyzed with Becton Dickinson Attractorst 3.0 software.
Microarray Procedure
In all, 5-15 mg of total RNA was used to generate doublestranded cDNA with a T7-(dT)24-oligonucleotide primer (Sigma-ARK, Steinheim, Germany) performed with the Superscriptt double stranded cDNA-synthese Kit (Invitrogen Life Technologies). After purification with the Sample Cleanup Module (Affymetrix, Santa Clara, USA), cDNA served as a template to prepare biotinylated cRNA via in vitro transcription, using the BioArrayt HighYieldt RNA Transcript Labeling Kit (Enzo Biochem, Farmingdale, USA). The labeled cRNA transcripts were purified using the Sample Cleanup Module (Affymetrix) and assessed for quantity and quality using the same methods described above.
Fragmentation of cRNA transcripts, hybridization and scanning of the high-density oligonucleotide microarrays (HG-U133A arrays, Affymetrix) were performed according to the manufacturer's GeneChip s Expression Analysis Technical Manual (Affymetrix).
Semiquantitative RT-PCR Semiquantitative RT-PCR was performed with a Qiagen One-
Step RT-PCR kit (Qiagen). The PCR products were analyzed in the linear phase of amplification. A total of 250 ng RNA was amplified using the following primers: GAPDH forward, TGATGACATCAAGAAGGTGGTGAA; GAPDH reverse, TCCTTGGAGGCCATGTGGGCCAT; IL8 forward, TTCCT-GATTTCTGCAGCTCT; IL8 reverse, TTTCTGTGTTGGCGC-AGT; DUSP1 forward, CATAGACTCCATCAAGAATGC; DUSP1 reverse,: GAGTTCAGCAAATGTCTTGAC. After reverse transcription, the following thermal profile was used: 1 min 941C, 1 min 551C, 1 min 721C (30 cycles) and a final elongation step at 721C for 10 min. Densitometric quantification of band intensities was performed with ImageJ software. The ratio of the intensities of the respective gene and GAPDH as internal control was generated. Ratios of samples prepared at 81C were defined as 1 and the ratios of samples prepared at RT were set in relation. To assess potential differences in hybridization efficacy between samples of different isolation techniques, we used both a perfect match model (PM, dCHIP) as well as the PM/MM model provided by MAS5.0. For data analysis using MAS5.0, each array was scaled to an overall intensity of 100 to enable comparison of all hybridization data. Changes in the expression profile between different experimental groups were determined by comparison analysis of related samples, which contained the calculated SLR and the change indicating a qualitative call (increase, decrease, no change) in transcript level differences. In dCHIP, the PM model only was used and data were normalized for each comparison, and the paired, respectively, unpaired t-test was calculated (all P-values two-sided). 58 Hierarchical clustering was performed using precalculated distances and Pearson's correlation coefficient. The R language, 59 particularly the Bioconductor package 'multtest', was used for multiple testing adjustment and testing procedures. 60 ANOVA analysis was applied for comparison of multiple groups (SPSS software). Pairwise (post hoc) comparisons were performed using the Welch modified t-test (with Bonferroni correction). For gene ontology assessment, we used GenMAPP s and MAPPfinder s61 (see also Supplement 3).
Data Analysis and Software
